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Figure 3. Solar neutrino spectrum with currently
estimated uncertainties.

predicted with an error of about 20%. The fluxes
from CNO reactions, especially 13N and 15O neu-
trino fluxes, are predicted with less precision than
the fluxes from the p-p reactions. I have not
shown the CNO fluxes in Figure 3 since these
fluxes are not expected to play a discernible role
in any of the planned or in progress solar neutrino
experiments.

Table 1 shows how much each of the princi-
pal sources of uncertainty contribute to the total
present-day uncertainty in the calculation of the
8B and 7Be solar neutrino fluxes. The largest un-
certainty in the prediction of the 8B neutrino flux
is caused by the estimated error in the laboratory
measurement of the low energy cross section for
the 7Be(p,γ)8B reaction (This statement was also
true in 1962, 1964, 1968, ....). The largest uncer-
tainty in the prediction of the 7Be neutrino flux
is due to the quoted error in the measurement of
the low energy rate for the 3He + 4He reaction.
In addition, there are a number of other sources
of uncertainty, all of which contribute more or
less comparably to the total uncertainty in the
prediction of the 7Be and the 8B neutrino fluxes.

Table 1
Fractional uncertainties in the Predicted 8B and
7Be Solar Neutrino Fluxes (BP00). The table
presents the fractional uncertainties in the calcu-
lated 8B and 7Be neutrino fluxes, due to the dif-
ferent factors listed in the column labeled Source.
The first four rows refer to the low energy cross
section factors for different fusion reactions. The
last four rows refer to the heavy element to hy-
drogen ratio, Z/X (Composition), the radiative
opacity, a multiplicative constant in the expres-
sion for the diffusion rate of heavy elements and
helium, and the total solar optical luminosity.

Source 8B 7Be

p-p 0.04 0.02
3He+3He 0.02 0.02
3He+4He 0.08 0.08
p + 7Be +0.14

−0.07 0.00
Composition 0.08 0.03

Opacity 0.05 0.03
Diffusion 0.04 0.02

Luminosity 0.03 0.01

4.2.2. The saga of the 7Be(p,γ)8B cross sec-
tion

Figure 4 shows, as a function of the date of pub-
lication, the measured values for the low energy
cross section of the crucial reaction 7Be(p,γ)8B.
I have only shown here the direct measurements
of this reaction; there are also indirect measure-
ments that yield similar results.

The encouraging aspect of Figure 4 is that
the huge uncertainty that existed between 1960
and 1980, of order a factor of two, has been
much reduced in the following two decades. In
the BP00 calculations, we adopted as the best-
estimate the Adelberger et al. [RMP, 70, 1265
(1998), astro-ph/9805121] consensus value for the
cross section factor of the 7Be(p,γ)8B reaction,
S17(0) = 19(1++0.14

−0.07) eV-b (the 1σ error given
here is one-third the Adelberger et al. 3σ esti-
mate). This value is indicated in the figure by
arrow next to “Standard.”

Several refined experiments are in progress or
are planned to measure more accurately the low
energy cross section factor for the 7Be(p,γ)8B re-
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7Be(p,γ)8B

Fillipone(1983)

            σ17 = S17/E x e -2πη

(η = Z1Z2α/β)     Ecm = 18 keV
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J.N. Bahcall, M. H. Pinsonneault; astro-ph/0402114

TABLE II: Principal sources of uncertainties in calculating
solar neutrino fluxes. Columns 2-5 present the fractional un-
certainties in the neutrino fluxes from laboratory measure-
ments of, respectively, the 3He-3He, 3He-4He, p-7Be, and p-
14N nuclear fusion reactions. The last four columns, 6-9, give,
respectively, the fractional uncertainties due to the calculated
radiative opacity, the calculated rate of element diffusion, the
measured solar luminosity, and the measured heavy element
to hydrogen ratio.

Source 3-3 3-4 1-7 1-14 Opac Diff L� Z/X

pp 0.002 0.005 0.000 0.002 0.003 0.003 0.003 0.010

pep 0.003 0.007 0.000 0.002 0.005 0.004 0.003 0.020

hep 0.024 0.007 0.000 0.001 0.011 0.007 0.000 0.026
7Be 0.023 0.080 0.000 0.000 0.028 0.018 0.014 0.080
8B 0.021 0.075 0.038 0.001 0.052 0.040 0.028 0.200
13N 0.001 0.004 0.000 0.118 0.033 0.051 0.021 0.332
15O 0.001 0.004 0.000 0.143 0.041 0.055 0.024 0.375
17F 0.001 0.004 0.000 0.001 0.043 0.057 0.026 0.391

± 0.06 BP(00)
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When a Dog Speaks it Does Not
Matter What it Says.
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except at the highest energiess1100–1200 keVd where DB
falls a few percent low. The energy dependence inferred
from the CD experiments issignificantly steeperthan the DB
theory and does not agree with the direct results.

We have quantified the difference in energy dependence
between direct and CD experiments by fitting a straight line
of the form S17sEc.m.d=as1+bEc.m.d to data in the range
Ec.m.ø425 keV and 830 keVøEc.m.ø1300 keV. Figure 19
displaysb, the fitted slope, for each experiment. For the di-
rect data,S17sEc.m.d values near the 1+ resonance were ex-
cluded, and the high-energy tail of the 1+ resonance was
subtracted fromS17sEc.m.d values above the resonance before
fitting, based on the M1/DB ratio determined from our data.
Since the CDS17sEc.m.d values do not include the 1+ reso-
nance contribution, they were fitted directly. All of the fits
hadx2/n,1.3, indicating that the straight line is a good ap-
proximation. The results, shown in Fig. 19, demonstrate a
systematic difference in slope between the two types of ex-
periments. From the direct experiments the mean slope is
3.11±0.14 MeV−1, with x2/n=1.9, and the mean slope deter-
mined from the CD data is 5.5±0.8 MeV−1, with x2/n=0.2.
Increasing the uncertainty on the direct mean by the factor
s1.9d1/2 to account for the fitx2/n, we find the probability that
these two results arise from the same parent distribution is
Psx2, nd=0.003.

Because of the different energy dependences observed in
CD and direct experiments, it is difficult to know how to
make a meaningful quantitativeS17s0d comparison. If we ig-
nore this problem, and focus on CD data below 425 keV, in
order to minimize multipole uncertainties in the conversion
of the measured breakup cross sections to inferred
7Besp, gd8B cross sections, then our DB fits yield theS17s0d
values shown in Fig. 20. These values are mutually consis-
tent, with a mean of 19.2±0.7 eV b. A fit to this mean value
together with the mean value deduced from direct experi-
ments of 21.4±0.5 eV b has probabilityPsx2, nd=0.01 that
these results arise from the same parent distribution. On the
other hand, if we fit the CD data between 750–1400(or

1000–1200) keV with the DB theory, the mean CD value is
S17s0d<22 eV b, in very good agreement with the direct re-
sult (see Fig. 18, bottom panel). However, there seems to be
no independent motivation for fitting only high-energy CD
data.

2. Heavy-ion transfer and breakup

A Texas A&M group has used measurements of periph-
eral heavy-ion transfer and breakup cross sections to deduce
the asymptotic normalization coefficient for the7Be+p com-
ponent of the8B ground-state wave function. This coeffi-
cient, together with a capture-model calculation(and an as-
sumedp3/2/p1/2 ratio in 7Be+p) can be used to inferS17s0d.
The valueS17s0d=17.3±1.8 eV b has recently been inferred
from the weighted average of10Bs7Be,8Bd9Be and
14Ns7Be,8Bd13C results atEs7Bed=85 MeV [21], and a vari-
ety of peripheral heavy-ion breakup results at 28 to
285 MeV/nucleon have been used to inferS17s0d
=17.4±1.5 eV b[22]. However, a different analysis[48] of
the same breakup reaction measured with a C target leads to
a substantially largerS17s0d value of 21.2±1.3 eV b in good
agreement with the direct mean value of 21.4 eV b. A deter-
mination of the asymptotic normalization coefficients for the
p1/2 and p3/2 components of8Li →7Li+ n together with the
assumption of mirror symmetry leads toS17s0d
=17.6±1.7 eV b for7Be+p [49]. TheseS-factor determina-
tions thus tend to be even smaller than those deduced from
CD experiments.

SsEd values inferred from16Os3He,dd17F cross-section
measurements [50] have been compared to direct
16Osp, gd17F cross-section measurements[51,52] for capture
to the ground state and to the first excited state. For the first
excited state transition, thesp, gd results of Ref.[51] and the
transfer-reaction results agree to<s6±11d%, where the un-
certainty is determined by the ±10% systematic uncertainty
in the transfer reaction and ±5% uncertainty in the absolute
sp, gd cross section. For the ground-state transition, the cen-
tral values fromsp, gd [52] and from s3He,dd agree within
10% or so but it is difficult to quantify the significance of the
comparison[50] since the absolutesp, gd cross-section un-
certainty was not specified.

FIG. 19. (Color online) S17sEc.m.d slopes determined from
straight-line fits to directS17sEc.m.d data(corrected for the 1+ reso-
nance tail) (left panel) and to S17sEc.m.d values inferred from CD
experiments(right panel). The horizontal lines and shaded regions
correspond to the mean values and uncertainties determined from
the direct data and from the CD data, respectively.

FIG. 20. (Color online) CD S17s0d values from DB fits to
S17sEc.m.d values below 425 keV, compared to the direct mean. The
total uncertainties are shown. The horizontal solid and dashed lines
indicate the CD mean valueS17s0d=19.2±0.7 eV b.
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S17(0) = 21.2 ±0.5 +0.0 -3.0 (extrap) eV-b

TABLE I: Extrapolated cross section factors using the cal-
culation of Descouvemont and Baye [17]. Only recent high
precision results, S17(0) measured with an error of approxi-
mately ±5% or better, are shown, excluding the recent results
of: RIKEN2(98) (18.9 ± 1.8) [15], Orsay(01) (18.8 ± 1.7) [4]
and Bochum(01) (18.4 ± 1.6) [5], as discussed in the text.

Experiment S17(0) (eV-b)

GSI1(99) [8] 20.6 + 1.2 − 1.0

GSI2(03) [9] 20.8 ±1.3

GSI1 + GSI2: (20.7 ±0.9)

Seattle(02) [6] 22.1 ±0.6

Weizmann(03) [7] 21.2 ±0.7

Average: 21.2 ±0.5
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500                      2.0                   214     2140
200                      1.6                   26       520
150                      1.2                   9.5      95
100                      0.8                   1.6      16
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Precision Solar (Neutrino) Physics

1 . E2 < 1%
2.  GSI-Weizmann-Seattle Result
3.  S 17(0) = 21.2 ±±±±  0.6 eV-b
4.  Extrapolation +0.0 – 3.0 eV-b

p . s . The Best Revenge is Having Fun…
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We have performed an exclusive measurement of the Coulomb breakup of 8B into 7Be+p at 254
A MeV and studied the angular correlations of the breakup particles. By using a simple single-
particle model for 8B and treating the breakup in first-order perturbation theory, we can show that
E1 multipolarity dominates and that E2 multipolarity can be neglected. The deduced astrophysical
S17 factors exhibit remarkable agreement with the most recent direct 7Be(p,γ)8B measurements.
We extract a zero-energy S17 factor of 18.4 ± 1.1 eV b.

Exciting new results [1] from the Sudbury Neutrino
Observatory (SNO) have proven for the first time that
the measured high-energy neutrino flux from the Sun
agrees well with the one calculated from standard solar
models [2, 3] if non-electron flavour neutrinos are taken
into account. This again focusses attention onto the
7Be(p,γ)8B reaction which provides almost exclusively
the high-energy neutrinos measured in the SNO exper-
iment. Their flux depends linearily on the 7Be(p,γ)8B
cross section at solar energies. Very recently, the latter
has been redetermined by new direct measurements [4–
7] and extrapolated to zero energy with the help of a
theoretical model [8]. The resulting zero-energy astro-
physical S factors, S17(0), however, do not always agree
within their quoted errors: Hammache et al. [4] found
S17(0)=18.8 ± 1.7 eV b, in agreement with other direct-
capture data [5, 9]. In contrast, Junghans et al. [6] found
a considerably larger value, S17(0)=22.3±0.7± 0.5 eV b.
The very recent result of Baby et al. [7] also favours a
rather large value of S17(0)=21.2±0.7± 0.5 eV b.

In view of their importance for astro- and elementary-
particle physics, these conflicting results should be ver-
ified and cross-checked by other, indirect measurements
that have different systematic errors. One possibility is
Coulomb dissociation (CD) of 8B in the electromagnetic
field of a high-Z nucleus. Such measurements have been
performed at low [10], intermediate [11, 12], and high en-
ergies [13]. Alternatively, S17(0) can also be calculated
from asymptotic normalization coefficients (ANC) which
in turn are determined in low-energy proton-transfer or
in proton-removal reactions [14, 15].

In the present Letter, we want to focus on a crucial

question that must be answered if one wants to use the
CD method to derive a precise value for S17(0). The as-
trophysical S factors of the 7Be(p,γ) reaction can only be
calculated reliably from the energy-differential CD cross
sections if the electromagnetic multipole components rel-
evant for direct capture and the time-reversed process
have the same strength. In low-energy proton capture
the E1 contribution by far dominates the cross section.
While E1 is the dominant multipolarity also in CD, one
can show easily that the equivalent photon field emitted
from a high-Z target nucleus contains a strong E2 compo-
nent. This is particularly true for CD at low energies. At
higher energies (see Ref. [13]) the relative amount of E2
multipolarity is expected to be reduced, but may still be
substantial enough to affect the final result. To remove
this ambiguity, it is indispensable to either determine the
E1/E2 ratio in CD experimentally, or to extract S17 with
such cuts that any E2 contribution is negligible.

First attempts to find upper limits for a possible E2
contribution were made in the work of Kikuchi et al. [11]
and Iwasa et al. [13]. Both papers found negligible E2
contributions. In the meantime, Davids et al. have re-
ported positive experimental evidence for a finite E2 con-
tribution in CD of 8B, mainly from the analysis of inclu-
sive longitudinal momentum (p||) spectra of 7Be frag-
ments measured at 44 and 81 A MeV [12]. The asym-
metries in the p|| spectra were interpreted to be due to
E1-E2 interference in terms of first-order perturbation-
theory [16].

In order to try and resolve these discrepancies, we de-
cided to perform an exclusive CD experiment at high en-
ergy (254 A MeV) at the kaon spectrometer KaoS at GSI




